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ABSTRACT 
In the thesis, we present a method of the synthesis of a dipole antenna array with 
prescribed spectral and spatial filtering capabilities. Thanks to the spatial filtering 
capabilities, the main lobe direction and the value of gain vary negligibly over the 
operating band. Thanks to the spectral filtering capabilities, the value of gain is maximal 
in the operating band and minimal out of the operating band. In order to synthesize 
a dipole array with prescribed filtering capabilities, amplitudes, phases and dimensions 
of antenna elements are optimized. The initial optimization is speeded up by 
considering an idealized antenna array when evaluating objective functions. Since the 
optimization comprises requirements on the main lobe direction, the value of gain and 
impedance matching, a multi-objective optimization is used. The optimized antenna 
array is analyzed by a full-wave simulator to verify results of the synthesis. Finally, the 
synthesized dipole array is manufactured and its performance is experimentally verified. 
KEYWORDS 
Dipole antenna array, synthesis of antenna array, multi-objective optimization, 
filtering antenna, gain shaping. 
 
 
 
ABSTRAKT 
V disertační práci popisuji metodu syntézy dipólové anténní řady s definovanou 
schopností prostorové a spektrální filtrace. Díky prostorové filtraci se směr hlavního 
laloku a hodnota zisku mění v celém pracovním pásmu jen zanedbatelně. Díky 
spektrální filtraci je hodnota zisku v pracovním pásmu nejvyšší a mimo toto pásmo 
nejnižší. Abychom syntetizovali anténní řadu s předepsanými filtračními vlastnostmi, 
optimalizujeme amplitudy, fáze a rozměry prvků dipólové anténní řady. Abychom 
počáteční optimalizaci co nejvíce urychlili, předpokládáme při výpočtu hodnot 
kriteriálních funkcí idealizovanou anténní řadu. Jelikož optimalizace zahrnuje 
požadavky na směr hlavního laloku, zisk i impedanční přizpůsobení, využíváme 
k syntéze multi-kriteriální optimalizaci. Optimalizovaná anténní řada byla následně 
analyzována ve vlnovém simulátoru, aby byl ověřen výsledek syntézy. Syntetizovaná 
anténní řada byla vyrobena a experimentálně byly ověřeny její vlastnosti. 
KLÍČOVÁ SLOVA 
Dipólová anténní řada, syntéza anténní řady, multikriteriální optimalizace, filtrující 
anténa, tvarování zisku.  
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1 INTRODUCTION 
Nowadays, the demands on communication technologies are increasing. The lack of 
frequency spectrum enforces us to move wireless technologies at higher frequencies. 
Therefore, the millimeter-wave frequency band plays an important role in modern 
communication systems. At higher frequencies, the wireless communication faces lower 
interferences, higher data rates, smaller sizes of antennas, etc.  
At present, increasing demands are related to front ends. More and more attention 
is paid to multifunction devices (integrated modules for filtering and radiation 
performance, especially). These multifunction modules comprising filtering and 
radiation performance are called filtering antennas (filtennas). 
In a communication system with a highly sensitive receiver, a band-pass filter has 
to be necessarily put in between the antenna and the first stage of the receiver since the 
band-pass filter can separate the required signal at the operating frequency from out-
band signals. In order to make the design compact, an antenna and a band-pass filter can 
be integrated into a single module carrying out both the spatial pre-filtering and the 
spectral one. Hence, we require a properly designed filtering antenna again. 
Demands on filtering antennas are not limited to spatial and spectral filtering only. 
Antennas are also required to exhibit a prescribed side-lobe level, impedance matching 
and polarization properties. 
In the dissertation thesis, we present an overview of existing concepts of filtering 
antennas. Since a multi-objective synthesis of filtering dipole arrays has not been 
properly described in the open literature yet, we have deeply investigated potential 
multi-objective approaches to the synthesis of such arrays. In order to speed up the 
design, the synthesis is performed using idealized arrays for evaluating objective 
functions. In the following step, the design is refined in a full-wave solver. Finally, the 
designed antenna is fabricated and measured. 
2 
M
str
ne
fil
w
2.
of
in
ob
pl
fil
th
ca
a 
us
hi
by
ex
 
STAT
ost filtering
ucture. Ma
twork of an
tering beha
hich can pr
In the f
1 Filterin
Horn a
 the antenn
ductive ele
stacles can
ane horn an
ter (inducti
Radiati
e aperture 
nnot be u
frequency s
ed an FSS 
gh selectivi
Fig. 2
A good
 a proper 
cited by fe
 
E-OF-T
 antennas a
ny papers 
 antenna o
vior. A lim
ovide both 
ollowing su
g horn an
ntennas can
a have to 
ments have
 generate h
tennas, the
ve circular 
on properti
in the E pl
sed to crea
elective su
with subst
ty and low 
.1: Geometr
 radiation a
design of 
eds of a reg
HE-AR
re based on
describe a
r an antenn
ited numb
the spectral
b-chapters
tennas 
 provide fi
be done. I
 to be cre
igher mod
 filtering f
posts in Fig
es of horn 
ane and the
te a filter,
rface (FSS)
rate integra
insertion lo
y of a conven
side vi
nd filtering
a corrugated
ular horn an
1
T 
 an integra
n integratio
a array. Se
er of pape
 filtering an
, existing ap
ltering fun
n order to 
ated using 
es and spe
unction can
. 2.2) [4], [
antennas ca
 H plane [
 the role 
 in the ape
ted wavegu
ss were obt
tional horn an
ew(a), front v
 performan
 horn ante
tenna [6].
2
tion of a fr
n of a ban
veral paper
rs discuss 
d the spatia
proaches a
ctions, but 
create a fi
discontinui
cific mode
 be provid
5]. 
n be chang
2]. If disco
of a freque
rture of the
ide (SIW)
ained. 
tenna with ap
iew (b) [3]. 
ce of a horn
nna. Such
equency fil
d-pass filt
s deal with 
the design
l one at the
re briefly a
small chan
lter in a ho
ties and m
s of resona
ed by an in
ed by chan
ntinuities a
ncy filter 
 horn anten
cavities (F
erture covere
 antenna c
an antenna
ter into the
er into the 
horn anten
 of antenn
 same time
nalyzed. 
ges in the s
rn, capaci
etal obstac
nce. In cas
tegrated ba
ging dimen
nd metal o
can be pl
na. In [3],
ig. 2.1). Th
d by FSS: 
an be also a
 can redu
 antenna 
feeding 
nas with 
a arrays 
. 
tructure 
tive and 
les. The 
e of H-
nd-pass 
sions of 
bstacles 
ayed by 
 authors 
at way, 
 
chieved 
ce noise 
2.
A
be
ex
pa
co
to
(F
cr
fo
R
su
an
 
Fig. 2.2: H
2 Antenn
Several
 compact fi
longs to m
cited by a
tch plays 
upling stru
In [8], 
gether with
ig. 2.3b). T
eates the fi
rm the last 
Some p
elated struc
bstrate. Fo
d an integ
-plane horn a
as with in
 papers ha
ltering patc
ost interest
 T-shaped 
the role of
cture can b
such a fil
 a very com
he feeding
rst two stag
stage of the
a) 
Fig. 2.3:
apers have
tures have 
r example, 
rated quart
ntenna with a
tegrated fil
ve describe
h antenna 
ing approac
resonator t
 both the 
e considere
tering patc
pact feedi
 network, w
es of the f
 filter. 
 Filtering mi
 been focus
been creat
the structur
er wavelen
1
 waveguide f
ters 
d an integ
with a sec
hes (Fig. 2
hrough an
radiator an
d as an adm
h antenna 
ng network
hich consi
ilter, and th
 
crostrip anten
ed on anten
ed by a rad
e can be c
gth resonat
3
ilter created b
ration of a
ond-order q
.3a). Here,
 inset coup
d the last 
ittance inv
array was
 behave as
sts of one p
e U-shape
na (a) and arr
nas with h
iator and a
reated by a
or. Here, t
y inductive ci
 filter into
uasi-ellipti
 a U-shape
ling struct
stage of th
erter in the 
 designed. 
 a third-or
ower divid
d microstrip
b) 
ay (b) [7, 8]. 
igh band-ed
 band-pass
 printed me
he antenna 
rcular posts [
 a planar 
c response
d radiating 
ure. The U
e filter. T
filter design
Antenna e
der band-pa
er and two
 antenna e
ge gain sel
 filter on t
ander-like 
performs n
4]. 
antenna. 
 of gain 
patch is 
-shaped 
he inset 
 [7]. 
lements 
ss filter 
 baluns, 
lements 
ectivity. 
he same 
antenna 
ot only 
fu
qu
en
fil
re
ze
th
in
a 
ea
cr
us
el
na
fil
an
co
m
SI
fil
op
re
(F
 
nctions of 
arter-wave
hancing se
Anothe
ter is provi
sonator. Hi
ros of the t
e dimensio
to the shap
microstrip l
Fig. 2.4: P
 
A direc
siest way 
eate a recon
A sligh
es an Ultr
ements for 
rrowband s
ter in the o
The lev
tennas and
nnect a con
icrostrip m
W inductiv
ter is dete
timized by
sonators [1
The pla
ig. 2.5) [20
a radiator b
length reso
lectivity (Fi
r structure 
ded by a s
gh band-ed
ransmissio
ns and redu
ed antenna
ine and a c
a) 
rinted filterin
t integratio
to create a
figurable f
tly differen
a Wide Ba
the reducti
ervices are
ut-band is a
el of gain
 band-pass
ventional p
etallic patc
e window b
rmined by 
 slightly a
9]. 
nar seriall
]. 
ut also fun
nator can 
g. 2.4a). 
includes a d
haped ante
ge selectiv
n provided 
ce the spur
 (see Fig. 2
oplanar wav
 
g antenna wit
re
n of the ban
n antenna 
iltenna by u
t approach
nd (UWB
on of inter
 suppressed
 disadvanta
 can be re
 Substrate 
lanar colli
hes printed
and-pass f
the corres
djusting w
y fed patch
1
ctions of t
introduce 
ifferent ty
nna and th
ity is achi
by the cou
ious radiat
.4b). The 
eguide tha
h quarter-wav
sonator (b) [9
d-pass filte
with filteri
sing a reco
 of creatin
) antenna 
ference. If 
 appropriat
ge of this c
duced in t
Integrated 
near coaxia
 on both s
ilter. For th
ponding ce
idths of in
 array can 
4
he resonato
two extra 
pe of the ba
e other pol
eved thank
pled-line re
ion, we int
coupled-lin
nks to a bro
elength reson
]-[11]. 
r into the a
ng perform
nfigurable 
g an anten
with imple
interferenc
ely [17], [1
oncept. 
he out-ban
Waveguid
l (COCO) 
ides of the 
e mode, th
ntral reson
ductive wi
be also rep
r of the ba
zeros of th
nd-pass fil
e is formed
s to two ad
sonator. In
egrate a cou
e structure
adside cou
b) 
ator (a) and w
ntenna feed
ance [12]-
band-pass f
na with fil
mented na
e is reduce
8]. Radiatio
d by using
e (SIW) fi
antenna cre
substrate w
e size of the
ance frequ
ndows and
laced by a
nd-pass fil
e transmis
ter: one po
 by a coup
ditional st
 order to m
pled-line s
 is compos
pling [9]-[1
ith coupled l
ing structu
[15]. We c
ilter [16]. 
tering perfo
rrowband r
d properly
n of the ba
 a combin
lters. E.g., 
ated by ser
ith the thi
 cavity of 
ency. The 
 lengths o
 SIW slot 
ter. The 
sion for 
le of the 
led-line 
op-band 
inimize 
tructure 
ed from 
1].  
ine 
re is the 
an even 
rmance 
ejection 
, certain 
nd-pass 
ation of 
we can 
ially fed 
rd-order 
the SIW 
filter is 
f cavity 
antenna 
us
U
an
2.
ba
pu
Fi
m
in
pe
m
re
ba
 
Frequen
ing an indu
da reflector
tenna in th
Fig. 2.5: 
3 Multila
Using m
nd can be 
blished in 
g. 2.7). 
Low-pr
ultilayer an
tegrated int
riod of abo
ay be repr
sistance an
cking refle
cy selectiv
ctive wind
 (Fig. 2.6). 
e out-band 
a) 
The planar se
yer antenn
ultilayer t
reached. A
[21]-[24]. 
ofile array
tennas as 
o a small m
ut 0.4 λ at
esented by
d the first
ctor. A pa
ity of a p
ow band-pa
The ability
is the main 
rially fed pat
Fig. 2.6: M
as and an
echnology, 
n integrati
Here, filter
s of printed
well. Her
odule, wh
 the highes
 a three-p
 resonator 
rt of the 
1
lanar Yagi
ss SIW fil
 of SIW ba
advantage 
ch antenna ar
illimeter wa
tenna arra
a good sup
on of a fil
s were loca
 dipoles w
e, both th
ich is insert
t frequency
ole Cheby
created by
filtering fu
5
-Uda anten
ter which is
nd-pass filt
of SIW filte
ray (a) and slo
ve filtenna [2
ys with filt
pression of
ter into a m
ted on the 
ith inherent
e antenna 
ed into the
 of operati
chev filter
 the radiat
nction is 
na can be 
 situated in
ers to suppr
rs. 
b) 
t antenna arr
 
1]. 
ering perfo
 the filter ra
ultilayer p
back side 
 filtering p
and the b
 unit cell o
on). The el
 with an 
ing dipole 
implemente
also impr
 front of th
ess radiatio
ay (b) [19,20]
rmance 
diation in t
lanar ante
of the ante
roperties b
and-pass f
f an array (
ement of t
implement
completed
d via cap
oved by 
e Yagi-
n of the 
. 
he stop-
nna was 
nna (see 
elong to 
ilter are 
with the 
he array 
ed load 
 by the 
acitively 
co
th
a 
da
w
sh
in
m
im
fil
F
F
 
upled dipo
e array. 
The de
three-pole C
shed fram
avelength o
orting pins
 Fig. 8b a
odified to 
pedances i
tering and 
ig. 2.7: The
st
ig. 2.8: Tran
connect
les. This ca
sign of the 
hebychev 
e) is replac
pen-circuit
 that introd
nd its equi
include cap
n the trans
an impedan
a) 
 multilayer an
epped-imped
a) 
smission line
ed array of lo
pacitive co
unit cell o
pass-band f
ed by the
 stubs are u
uce parasit
valent circ
acitive loa
mission lin
ce transform
tenna/filter m
ance resonato
 band-pass fil
aded dipoles 
1
nnection pr
f the array 
ilter (Fig. 2
 equivalent
sed as reso
ic inductan
uit is show
ds between
e model ar
ation from
odule (a) and
r with the sam
ter with half-w
(b) and its equ
6
ovides an a
is based on
.8a) where
 circuit of
nators in or
ces. The un
n in Fig. 
 neighbori
e selected 
 377  to 
 the slot-load
e aperture gr
b) 
avelength op
ivalent circu
dditional p
 a transmis
 the first sta
 the radiat
der to preve
it cell of th
8c. The eq
ng dipoles.
with respec
160 Ω. 
b) 
ed patch with
ound (b) [23]
en circuit stu
ital representa
arameter fo
sion line m
ge of the f
ing elemen
nt the inhe
e array is 
uivalent c
 The chara
t to the pa
 a half-wavel
, [24]. 
c) 
bs (a), unit ce
tion (c) [1]. 
r tuning 
odel of 
ilter (the 
t. Half-
rence of 
depicted 
ircuit is 
cteristic 
ss-band 
 
ength 
ll of a 
im
in
re
co
F
 
The co
plemented
troduced to
alized with
nnected to 
ig. 2.9: Arr
Fig. 2.10: Un
mplete arr
 in an interd
 compensa
 coplanar st
the dipole v
a) 
ay of unit cel
a) 
it cell of arra
ay of unit 
igital way 
te the indu
rip (CPS) l
ia pins pas
ls and the des
y and filter de
hyb
1
cells is d
and cuts in
ctance of 
ines. The fi
sing throug
ign of filter w
array (b) [1
sign with CP
rid-ring (b) [2
7
epicted in 
 the metalli
pins. The r
lter is locat
h a hole [1
ith CPS lines
]. 
S lines (a) an
5], [26]. 
Fig. 2.9. T
zation of th
emaining p
ed under th
]. 
b) 
 (a) and geom
b) 
d cell of anten
he capaci
e dipole ha
art of the 
e ground p
etry of an ant
na array with
tance is 
ve been 
filter is 
lane and 
enna 
 the 
re
lo
2.
su
co
m
de
th
co
tra
op
pl
un
ha
a p
 
Unfortu
sonances in
w-profile d
10a). That 
ppressed [2
In the n
mmon-mod
ode rejectio
sign was a
ree-pole Ch
The fir
upling betw
nsformer. 
en-circuit 
ane. The o
der the gro
Fig. 2.11
An X-b
rmonics is
atch coupl
Fig. 2.12: T
nately, th
 E-plane sc
ipole array
way, comm
5]. 
ext step, a
e rejection
n module,
gain based 
ebyshev ba
st resonator
een the fir
The secon
stub. And t
utput of th
und plane a
: Transmissio
and low-p
 another in
ed via a slo
unable slot lo
e describe
anning due
 was imp
on mode r
compact d
 was develo
 which wa
on the mod
nd-pass filt
 of the filte
st two reso
d resonato
he last reso
e compact 
nd coupled
n line model
rofile phas
teresting st
t with a ban
aded patch an
1
d filterin
 to the unb
roved by c
esonances 
esign of the
ped by int
s created b
ified equiv
er (Fig. 2.1
r is create
nators is im
r represen
nator is re
structure is
 with the m
 of the implem
ed antenna
ructure. Th
d-pass filte
tenna with th
8
g antenna 
alanced ex
onnecting 
in an array
 connected
egrating the
y a planar 
alent transm
1). 
d by a radia
plemented
ts an adde
alized by a
 represente
odified hyb
ented three-p
 array with
e unit cell 
r (Fig. 2.12
e two-pole m
can exci
citation of 
an X-band
 of connec
 dipole ant
 filtering p
hybrid ring
ission line
ting eleme
 by a three
d microstr
 slotline et
d by a mic
rid-ring thr
ole Chebysh
 the suppr
of an array
).  
 
icrostrip band
te commo
dipoles. He
 hybrid-rin
ted dipoles
enna array 
art in the c
 (Fig. 2.10
 circuit of 
nt of an ar
-section im
ip half-wav
ched in the
rostrip lin
ough the s
ev filter [26]. 
ession of 
 is represe
-pass filter [2
n-mode 
nce, the 
g (Fig. 
 can be 
with the 
ommon-
b). The 
an ideal 
ray. The 
pedance 
elength 
 ground 
e placed 
lot [26]. 
 
spurious 
nted by 
7]. 
sp
or
in
th
fr
ba
th
di
2.
ex
m
un
sp
fo
pa
po
ra
an
pa
ra
cu
w
ca
su
di
2.
pe
sh
in
 
The mi
urious reso
der harmon
ducing a st
e fundame
equency re
ndwidth. T
e edges of
odes [27]. 
4 Synthe
The sy
citation an
ethods hav
iformly ex
aced linea
rmulation t
ttern. Arra
sitioning th
In the p
diators of u
d different
ttern with 
tio by opti
rrent. The 
ith the dyna
lculated us
itably varie
stributions 
5 Filterin
These f
rformance 
A stack
arp band e
 the out-ban
crostrip fil
nances is i
ics of the
rong altera
ntal mode 
configurab
he capabili
 the patch 
sis of the a
nthesis pro
d geometr
e been ado
cited, non-
r arrays w
o obtain th
y geometry
e array ele
arallel wo
nequal heig
ial evolutio
the specifie
mizing elem
coupling ef
mic ranges
ing the met
d accordin
to make the
g antenna
iltering an
is obtained
ed patch an
dges, a goo
d is shown
Fig. 2.13: Cr
ter is conne
mplemente
 antenna a
tion of curr
is weakly 
ility at the
ties of freq
antenna to
ntenna arr
blem of an
ic configu
pted to ach
uniformly s
as firstly 
e current d
 was calcul
ments rando
rk, the synt
hts was de
n algorithm
d side lob
ent spacin
fect is min
 of the amp
hod of indu
g to the dis
 feed match
s without f
tennas cont
 by a suitab
tenna with
d impedan
 in Fig. 2.1
oss-section of
1
cted to the
d in the ra
re detuned
ent paths a
perturbed. 
 antenna l
uency reco
 a bank of
ay 
 antenna a
ration that
ieve specif
paced line
proposed b
istribution 
ated either 
mly along
hesis of a n
veloped. Fu
 (DE) were
e level at a
g, an anten
imized by m
litude of e
ced electro
tances of el
ed [33]. 
ilter 
ain no filte
le setting o
 the frequen
ce matchin
3.  
 the four-patc
9
 feeding li
diating elem
 by etchin
ssociated t
The structu
evel in ord
nfigurabili
 fixed cap
rray is rel
 can produ
ied radiati
ar arrays. T
y Unz [3
necessary t
by thinning
 the desired
on-uniform
rther, parti
 used for t
 fixed beam
na height,
inimizing
xcitation cu
motive forc
ement, leng
rs in the a
f antenna el
cy respons
g in band o
h filtering an
ne. A rejec
ent. Speci
g slots on 
o the high-
re has als
er to exte
ty are prov
acitors swi
ated to the
ce a desi
on patterns
he analysi
2], who d
o generate 
 array elem
 direction. 
ly spaced 
cle swarm 
he synthesi
-width an
 a phase an
 the standin
rrent. An im
e (EMF). A
ths of ante
ntenna stru
ements ind
e of reflect
f operation
tenna design [
tion mecha
fically, the
the patch 
order mode
o impleme
nd the ope
ided by con
tched throu
 calculation
red pattern
 [28]-[31] 
s of non-un
eveloped a
a desired r
ents selec
array cons
optimizatio
s of a narro
d a dynam
d an ampl
g wave rat
pedance m
ctive impe
nnas and ex
cture. The 
ividually. 
ion coeffici
 and high r
 
34]. 
nism of 
 higher-
surface, 
s, while 
nted the 
rational 
necting 
gh PIN 
 of the 
. Many 
for non-
iformly 
 matrix 
adiation 
tively or 
isting of 
n (PSO) 
w beam 
ic range 
itude of 
io along 
atrix is 
dance is 
citation 
filtering 
ent with 
ejection 
sl
ch
2.
de
di
le
ba
2.
fo
U
op
Pr
pr
 
This co
ightly displ
aracteristic
Anothe
14. This a
mands on t
stance to th
ngth and po
nd gain [35
Fig. 2.14
6 Summ
Consid
rmulated: 
 Most c
the stop
the filte
typical 
 The rol
antenna
deliver
radiatio
out of t
p to now
timization 
escribed fr
escribed im
ncept inhe
aced reson
s can be sim
r design o
ntenna exh
he front-en
e driven e
sition of o
]. 
: Cut of prop
ary 
ering the 
oncepts of 
 band, the 
r to the dir
for patch ar
e of the fre
, an imped
ed power b
n in the ma
he interest. 
, none of
to the sy
equency res
pedance m
rently utili
ant frequen
ilar to a pa
f the filteri
ibits an im
d pass-band
lement are
ther directo
osed Yagi an
presented 
filtering ant
delivered p
ections wh
rays. 
quency filt
ance mism
ack to sou
in lobe dir
the avail
nthesis of 
ponse of ga
atching and
2
zes multip
cies. Patch
ss-band fil
ng antenna
proved ou
 filter. Tw
 used to in
rs and refl
tenna with im
state-of-th
ennas integ
ower is ref
ich are out
er can be p
atch at th
rce. Or the
ection and 
able appro
an array o
in, minimu
 side lobe l
0
le narrow 
es are com
ter [34]. 
 exploits Y
t-band ga
o parasitic 
crease the 
ectors are o
proved out-b
e-art, foll
rate an ant
lected back
 of the inte
layed by th
e input po
 changed r
can send th
aches hav
f dipoles 
m variation
evel can be
band eleme
bined so th
agi concep
in suppress
elements D
Q-factor of
ptimized t
 
and gain supp
owing co
enna and a 
 to the sour
rest. The d
e antenna 
rt of the a
adiation pa
e radiated 
e applied 
to meet m
 of the dire
 the objecti
nts (patch
at their fr
t depicted
ion to red
5 and D6 in
 that elem
o suppress 
ression [35]. 
nclusions 
frequency 
ce or is rad
escribed co
itself. Detu
ntenna refl
ttern can 
power to di
a multi-o
ultiple ob
ction of ma
ves of inter
es) with 
equency 
 in Fig. 
uce the 
 a close 
ent. The 
the out-
can be 
filter. In 
iated by 
ncept is 
ning the 
ects the 
suppress 
rections 
bjective 
jectives. 
in lobe, 
est. 
 21
3 DISSERTATION OBJECTIVES 
The previous chapter showed us that most of existing concepts of filtering antennas are 
based on the integration of filters into the antenna structure. Naturally, the integration of 
filters increases dimensions of the antenna and makes the design and the fabrication of 
the antenna more complicated. Radiation of filters and the associated deformation of the 
radiation pattern of the antenna array are drawbacks of this concept. 
The dissertation thesis is therefore focused on shaping the gain of the antenna by 
a pure synthesis of the antenna array (the excitation power is reflected back to the 
source by the detuned input impedance of the antenna rather than by a frequency filter). 
The antenna array has to provide both the spatial filtering and the spectral 
filtering. The spatial filtering ensures us that the main lobe direction and the level of the 
realized gain exhibits negligible variations over the operating band. The spectral 
filtering ensures us that the value of the realized gain is maximal and constant over the 
operating band, and is minimal in the out-band of the antenna array. 
Moreover, the synthesis is requested to consider additional objectives like 
impedance matching, side lobe level, main lobe direction, etc.  
The main objectives of the dissertation thesis can be formulated as follow: 
 Let us develop an approach to the synthesis of a dipole antenna array with the 
prescribed spectral filtering and spatial filtering. Moreover, the synthesis has to 
consider additional objectives like impedance matching, side lobe level, main lobe 
direction, etc.  
In order to meet the main objective, partial goals have to be met: 
 Let us optimize amplitudes, phases and distances of individual elements of an 
antenna array by considering an idealized antenna. The idealized array enables 
us to achieve required gain, impedance matching, side lobe level and main lobe 
direction in fast and efficient way. 
 Let us refine the initial design based on an idealized array by a full-wave 
simulator. 
 Let us experimentally verify the refined design of the selected dipole antenna 
array. 
Since the objectives like the main lobe direction, the level of the realized gain, the 
side lobe level and the impedance matching are conflicting, a multi-objective 
optimization has to be used. Exploitation of multi-objective techniques for the described 
synthesis has not been published yet. 
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where Ii is the amplitude of current, d is the distance between dipoles and x is the 
distance of the dipole from the reference point. 
So, the final radiation function of the antenna array is [39] 
 |ܨሺߖሻ| ൌ ܨ݀ ∙ ܨݎ ∙ ܨ݃. (4.4) 
In the next step, we have to create a script radiat.m returning the integrand for 
evaluating the radiation resistance. Since the radiation of the antenna array is not 
rotationally symmetric, we have to fully integrate [39] 
 ܴ∑ ൌ ଷ଴గ ׬ ׬ |ܨ|ଶݏ݅݊ߴ݀ߴ݀߮
గ/ଶ
଴
ଶగ
଴ , (4.5) 
where φ is the angle between the position vector and perpendicular axis to the axis 
dipole in which we calculate electric field intensity. 
Finally, the gain can be calculated using [39] 
 ܦሺఝ,ణሻ ൌ 120หܨሺఝ,ణሻหଶ/ܴ∑௠. (4.6) 
Then, we can find the maximal value of gain in the normal direction to dipole axis 
related to the dipole array. Once the frequency response of gain is known, we are able to 
evaluate the objective function, i.e. the squared difference in between the required 
frequency response of gain and the computed one. 
Synthesis of the dipole array is performed by the global optimization routine 
called particle swarm optimization (PSO). In PSO, we used 40 agents for searching the 
best solution. The maximal number of iterations was set to 39, so 1 560 solver 
evaluations was required. The range of input parameters for the optimization is listed in 
Table 4.1, where Amp and Ph mean the amplitude and the phase of the excitation 
current, l is the length of dipoles and d is the distance between them. 
Table 4.1.  List of the range of input parameters of the idealized antenna array. 
Parameter Value range 
Amp 0 : 1 
l/λ 0.00256 : 0.003
Ph 0 : 360 
d/λ  0 : 0.01 
Fig. 4.2 shows the results of the synthesis of the dipole array. We requested the 
optimizer to suppress the out-band gain for more than 10 dB with respect to the in-band 
gain in the main lobe direction in the H plane of dipoles. Values of optimal parameters 
of the idealized dipole array are given in table 4.2. 
The radiation pattern in the H-plane shows us that the deflection of the main lobe 
is smaller than 6.5°. The beam scan in the pass-band of the antenna is smaller than 1°. 
Table 4.2. Optimal parameters of the idealized antenna array [36]. 
 
Antenna element 
1 2 3 4 5 6 7 8 9 10 
Norm. amplitude A 0.32 0.50 1.00 0.18 0.36 0.16 0.16 0.80 0.41 0.001
Phase φ [deg] 201 135 179 18.3 204 176 187 330 149 117 
Distance d [λ] 0.00 0.67 0.90 0.36 0.66 0.70 0.52 0.68 0.77 0.34 
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about 4 dBi. In the following, we will therefore synthesize the antenna array with the 
ground plane in the distance λ/4 from dipoles only. 
The results presented in this chapter were obtained after the first run of the multi-
objective optimization with specific settings of parameters. In the following, the 
synthesis is refined to reach better selective performance of the antenna array. 
4.3 Summary 
In this chapter, we demonstrated functionality of a single-objective optimizer 
forming the frequency response of gain for a dipole array in the H plane of dipoles. The 
single-objective optimizer exploited a simplified analytical model of the dipole array 
with the neglected coupling among elements. 
The neglected coupling was shown to distort radiation characteristics of the array. 
Outputs of 4NEC simulations eliminate this distortion, and moreover, CPU-time 
demands of 4NEC computations are more efficient thanks to a sophisticated 
implementation of the 4NEC integral solver. For this reason, the 4NEC full-wave 
numerical model of an array was selected for the evaluation of objective functions. 
The single-objective formulation of the optimization problem was extended to 
multiple objectives comprising the frequency response of impedance matching, gain and 
main lobe direction. Using the MOSOMA global stochastic algorithm, the Pareto front 
of optimal solutions was determined. 
In the final step, the antenna array was completed by the reflector to limit the 
radiation into a single half-space and increase the gain of the array. 
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5 SERIAL FEED VERSUS PARALLEL FEED 
OF THE ANTENNA ARRAY 
In this chapter, we will study two different methods of feeding the dipole array: 
1. Parallel feed. An antenna array consists of dipoles completed by the ground plane. 
Each dipole is fed separately (an amplitude and a phase of the excitation current 
of each dipole is set independently). 
2. Serial feed. An antenna array consists of dipoles above the ground plane, which 
are connected by simplified transmission lines. 
Both the described structures are simulated in the full-wave moment solver 4NEC. 
We start the synthesis with an array consisting of 8 dipoles. Then, we increase the 
number of dipoles to 16 elements and 32 elements. We expect that the rate of the gain 
selectivity is determined by the number of radiated elements in the array. 
The frequency range of optimization stays the same as listed in chapter 4.2. The 
operating band (pass-band) is considered in the range from 2.94 GHz to 3.06 GHz. 
Goals of the optimization routine for both approaches are summarized in Table 5.1. 
Thresholds are marked pass in the pass-band and stop in the stop-band. Further, we 
demand the main lobe direction deflection ±5° from the reference angle over the whole 
operating band. 
Table 5.1. Goals of the multi-objective optimization. 
 With 
TL 
Without 
TL 
Parameter Operator Value 
G_pass > 13 dB 16 dB 
G_stop < 5 dB 8 dB 
S11_pass < -12 dB - 
S11_stop > -5 dB - 
SLL_pass > 8 dB 8 dB 
SLL_stop < 2 dB 2 dB 
Ang_ref = ±5° ±5° 
5.1 Synthesis of antenna array with parallel feeding 
In the case of the dipole array with parallel feeding, we do not include the 
transmission line into the 4NEC simulation. The feeding network of an antenna array 
will be designed separately. So we can optimize only a required frequency response of 
the gain and the side lobe level. In order to achieve required properties of the antenna 
array, we change amplitudes and phases of excitation currents and lengths of radiating 
elements. The distance between each element is uniform and is set at λ/4. The distance 
of the dipole array above the ground plane is uniform and is assumed to be λ/4 (see 
Figure 5.1).  
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Fig. 5.9 shows the frequency response of the side lobe level of the dipole array. 
Here, worse parameters of the antenna array after first optimization run are apparent. 
After further optimization runs, we obtain increasing side lobe levels with the increasing 
number of dipoles. 
Parameters of the antenna array after first optimization are depicted in Figures 5.7 
to 5.9 on the left (marked by a). These results were produced by the first run of the 
optimization routine with 10 000 iteration steps. Parameters of the antenna array after 
the full optimization are depicted in Figures 5.7 to 5.9 on the right (marked by b); the 
number of optimization runs of the full optimization is given in Table 5.3. 
The optimal input parameters of the dipole antenna array with the transmission 
line included into the simulations are listed in table 4.5. Here, values of the excitation 
current (Amplitude, Phase), lengths of dipoles (ln) and dimensions between dipoles (dn) 
of the dipole antenna array are given. The distance of the dipole antenna array from the 
ground plane is constant. 
Table 5.3. List of optimal parameters of the dipole array with serial feeding. 
Number of 
optimization 
run 
1 1 1 4 9 8 
Number of 
dipoles n 8 16 32 8 16 32 
Amplitude [A] 1.60 1.15 1.30 1.54 1.17 1.63 
Phase [°] 120.31 64.85 165.25 121.12 129.54 135.13 
l1/λ 0.32 0.71 0.11 0.25 0.42 0.37 
l2/λ 0.46 0.51 0.43 0.41 0.45 0.48 
… 
ln/λ 0.23 0.24 0.38 0.31 0.52 0.27 
d1/λ 0.20 0.40 0.32 0.50 0.63 0.75 
d2/λ 0.37 0.31 0.33 0.55 0.92 0.32 
… 
dn-1/λ 0.30 0.14 0.23 0.30 0.65 0.34 
5.3 Comparison of synthesis results 
The preliminary results of the synthesis of the dipole array were published in [44]. 
Antenna arrays were subjected to additional optimization runs then. The number of 
these runs is listed in Table 5.4 both for the parallel feeding and the serial feeding of 
antenna arrays. As discussed in Chapter 4.2, results of the array synthesis contain 20 
best results from 10 000 possible ones. So, the number given in Table 5.4 indicates the 
subjectively selected best solution out of 20 ones. If goals of the multi-objective 
optimization are not satisfied, then, in the next optimization run, input parameters of the 
optimization routine are changed and their ranges are modified according to the 
previous best solution. Finally, the last number in each row of Table 5.4 indicates such 
a solution results of the optimization are not improving after. 
In Table 5.5, we compare results of the synthesis of the antenna array with serial 
feeding and parallel feeding provided by the multi-objective optimization implemented 
in MATLAB and importing 4NEC results to evaluate objective functions. In Table 5.5, 
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the values of the maximal gain are given for antenna arrays with parallel feeding and the 
values of the maximal realized gain for antenna arrays with serial feeding. For most 
configurations of dipole arrays, the gain evidently increases with the increasing number 
of optimization runs. An improvement of the impedance matching in relation to the 
number of optimization runs is also clear. 
In Table 5.5, minimal values of the impedance matching (S11) are listed. The 
main lobe direction (MLD) is given in a certain range in which MLD changes over the 
entire pass-band. Some improvements of a maximal value of the side lobe level (SLL) 
in most configurations of the dipole array are evident. 
Table 5.4. List of the best results of synthesis. 
Type 
of feeding 
The 
number 
of dipoles 
The number of optimization runs 
1 2 3 4 5 6 7 8 9 
parallel 
8 14 9 6       
16 2 12 15       
30 1 2 17 5      
serial 
8 12 11 14 3      
16 4 6 7 6 2 6 20 12 9 
32 9 11 11 9 5 1 14 8  
Table 5.5. Comparison of synthesis results for antenna arrays with serial feeding and parallel feeding. 
The number of 
optimization runs 1 n 
Feed No. of dipoles 
Gain 
[dB] 
S11 
[dB] 
MLD 
[°] 
SLL 
[dB] 
Gain 
[dB] 
S11 
[dB] 
MLD 
[°] 
SLL 
[dB] 
parallel 
8 12.3 - - - -35:-25 18.0 12.3 - - - 0:10 > 15 
16 14.8 - - - 50 8.0 16.3 - - - -50 10.5 
30 17.4 - - - 30 9.0 17.4 - - - 0 10.0 
serial 
8 10.1 -33.0 -35:-25 11.5 12.4 -45.0 0 6.1 
16 12.3 -28.0 30 2.5 15.0 -50.0 -60:-50 4.8 
32 13.4 -23.0 -25 3.5 14.9 -34.0 5 6.0 
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Figure 6.10 shows the frequency response of the reflection coefficient of the 
dipole arrays. Deterioration of the reflection coefficient after transforming the wire 
structure (MATLAB) to the planar structure (CST) is clear in all array configurations. 
But the bandwidth was increased for arrays consisting of 8 and 32 dipoles only. After 
the additional optimization of the planar dipole array (CST opt.), we got better results 
compared to MATLAB optimizations. 
Figure 6.11 shows the frequency response of the realized gain. Optimizing the 
planar dipole array in CST, we got better realized gain for the array of 8 dipoles 
(compared to the wire array optimized in MATLAB). For remaining array 
configurations, better values of the realized gain were not achieved. 
Frequency response of the main lobe direction of the dipole array is depicted in 
Figure 6.12. In case of 8 dipoles, there is a slight deflection of the main lobe direction in 
the operating band after transforming the wired structure to the planar structure. More 
significant deflections occur in the array consisting of 16 dipoles. The most stable main 
lobe direction over the operating band was achieved with 32 dipoles. 
Frequency responses of the side lobe level of the dipole arrays are shown in 
Figure 6.13. Here, the best match between MATLAB results and CST ones was 
achieved for the array consisting of 8 dipoles. The side lobe level was decreased for 
about 2 dB for other array configurations. 
In Table 6.4, we compare simulation results of dipole arrays with serial feeding 
performed in 4NEC and CST. After converting the antenna structure to the planar one, 
properties of dipole arrays were deteriorated. The deterioration was intended to be 
compensated by the additional optimization by PSO implemented in CST. 
In Table 6.4, minimal values of the reflection coefficient are listed. On the other 
hand, realized gain and side lobe level are given in their maximal values. The main lobe 
direction is defined by the range over the operation band. The results show that the best 
parameters provide the planar array consisting of 8 dipoles. 
Table 6.4. Comparison of synthesis results of the dipole array with serial feeding. 
Solver The number of dipoles 8 16 32 
4NEC 
S11 [dB] -45.0 -50.0 -34.0 
Gain [dB] 12.4 15.0 14.9 
SLL [dB] 6.1 4.8 6.0 
MLD [°] 0 -60 : -50 5 
CST 
S11 [dB] -14.0 -26.0 -15.5 
Gain [dB] 9.3 11.9 13.0 
SLL [dB] 2.8 4.7 2.2 
MLD [°] -30 : -20 -7 : 10 -5 : 0 
CST / PSO 
S11 [dB] -27.0 -34.0 -49.0 
Gain [dB] 12.8 12.8 12.3 
SLL [dB] 6.3 3.5 4.4 
MLD [°] 27 : 18 10 : 35 6 
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6.3 Summary 
In this chapter, we verify parameters of the synthesized dipole arrays. In the 
chapter 5, arrays were analyzed by the frequency-domain integral solver of 4NEC when 
evaluating objective functions. In the chapter 6, 4NEC results were verified by 
computations in the time-domain differential solver of CST Microwave Studio. 
In the chapter 6, dipole arrays with the parallel feeding were simulated in their 
original wire form. Results of CST simulations deviated from 4NEC simulations for less 
than 2 dB in all the parameters. Frequency responses of investigated quantities were of 
a similar shape. 
Arrays of wire dipoles with the serial feeding were redesigned to the arrays of 
planar dipoles on a microwave substrate CuClad 217 (εr = 2.17, h = 0.508 mm, and 
tan δ = 0.0009). Arrays were completed by baluns and impedance transformers to match 
the input of the array to a 50  coaxial SMA connector. Redesigned planar arrays were 
optimized by PSO implemented in CST Microwave Studio. 
Results of CST simulations of planar arrays were compared with results of 4NEC 
simulations of wire arrays. Parameters of the optimized planar arrays corresponded well 
with parameters of the wire arrays. 
This chapter shows that antennas resulting from a very efficient multi-objective 
synthesis of an array of wire dipoles can be simply redesigned to an array of planar 
dipoles. A simple single-objective tuning of the planar design can ensure us that 
parameters of original antennas can be preserved. 
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7 EXPERIMENTAL VERIFICATIONS 
In this chapter, we describe experiments arranged to verify the results obtained by 
simulations of the synthesized dipole array. Manufacturing of the wire dipole array with 
the feeding network at 3 GHz is rather complicated. Complications are dominantly 
caused by higher demands on the manufacturing precision. For this reason, we decided 
to convert the wire version of the synthesized dipole array to a planar one. For 
experimental verifications, the planar array was manufactured. Considering simulation 
results described in the previous chapter, we decided the planar array of 8 dipoles with 
serial feeding to be manufactured and measured. 
7.1 Effect of the ground plane to the array performance 
In simulations, an infinite ground plane was always included. When 
manufacturing the dipole array, the ground plane is of finite dimensions. For this 
reason, we created three models of the dipole array. First, the dipole array was 
simulated without the ground plane. Second, the infinite ground plane in the distance 
λ/4 from the array was considered. And third, we simulated the dipole array with the 
ground plane of finite dimensions 160 mm × 260 mm. 
When removing the ground plane, the reflection coefficient and the main lobe 
direction changes just slightly in the operating band (see Fig. 7.1). But in case of the 
realized gain and the side lobe level, the value of parameters decreases for about 3 dB in 
the operating band (see Fig. 7.1). 
Parameters of the planar array of 8 dipoles are summarized in Table 7.1 for 
different types of the ground plane. Here, the maximal values of the realized gain and 
the side lobe level are presented and minimal values of the reflection coefficient in the 
operating band are given. The main lobe direction is listed in the range over the entire 
pass-band. 
Table 7.1. Comparison of planar arrays of 8 dipoles with serial feeding; 
influence of ground planes to parameters. 
Ground plane Number of dipoles 8 
no 
S11 [dB] -23.5 
Gain [dB] 8.4 
SLL [dB] 4.2 
MLD [°] 20 : 28 
yes 
S11 [dB] -26.5 
Gain [dB] 13.1 
SLL [dB] 7.0 
MLD [°] 20 : 28 
infinite 
S11 [dB] -27.0 
Gain [dB] 12.8 
SLL [dB] 6.3 
MLD [°] 18 : 27 
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7.3 Summary 
In this chapter, we described a manufactured planar array of 8 dipoles with the 
serial feeding. The dipole array was fabricated from the substrate CuClad 217 (εr = 2.17, 
h = 0.508 mm, tan δ = 0.0009) and was completed by an SMA connector. In the 
distance λ/4 from the substrate, the ground plane from the tinplate 160 mm × 260 mm 
was placed. As standoffs, we used polystyrene bricks. 
In the frequency range from 2.8 GHz to 3.2 GHz, we measured frequency 
responses of reflection coefficient, sidelobe level, realized gain and main lobe direction. 
The measured responses were compared with CST simulations of the optimized planar 
array. 
Both measured and simulated frequency responses exhibited a good agreement. 
Nevertheless: 
 Measured frequency responses were shifted to lower frequencies compared to 
simulated ones. This shift was caused by parasitics which were not considered in 
the numerical model. 
 Measured frequency responses showed the difference up to 2 dB for all the 
investigated quantities. Reasons of this difference are still under investigation. 
We can conclude that experiments approved the functionality of the developed method 
of the synthesis of dipole arrays. 
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8 CONCLUSION 
The dissertation thesis was focused on synthesizing the frequency response of gain of an 
antenna array. Attention was turned to the synthesis of a conventional dipole array with 
the different number of radiating elements. The developed synthesis procedure was 
based on reflecting the excitation power by the detuned input impedance of the antenna 
rather than by implementing a frequency filter at the antenna input. 
First, we demonstrated functionality of a single-objective optimizer in order to 
shape the frequency response of gain of the dipole array. We synthesized an idealized 
dipole array with the neglected coupling between elements. The synthesis included 
evaluation of the radiation pattern in MATLAB. CPU-time demands of the procedure 
were high, and the direct optimization of idealized models did not provide satisfactorily 
accurate results. 
In order to enrich objectives by the frequency response of the reflection 
coefficient, the side lobe level and the main lobe direction, we had to convert the single-
objective optimization to a multi-objective one. For the multi-objective synthesis, we 
used a global stochastic algorithm called MOSOMA. Objective functions were 
evaluated using numerical models of dipole arrays developed in 4NEC (an integral 
frequency-domain simulator). The 4NEC models excel in low CPU-time demands due 
to the implemented integral solver. 
Finally, we compared properties of dipole arrays with a different structure of the 
feeding network. We considered: 
 A parallel feeding; each dipole was fed separately. 
 A serial feeding; neighboring dipoles were connected by a simplified transmission 
line. 
All configurations of dipole arrays were completed by the ground plane to limit the 
radiation to a single half-space and increase the gain. We applied several runs of the 
multi-objective optimization to dipole arrays to achieve the requested filtering 
performance. We obtained better results in case of dipole arrays with parallel feeding. In 
case of the parallel feeding, the feeding network was not included in the simulation. 
The obtained results showed us that the selective behavior of the dipole array with 
filtering performance strongly depends on the number of radiating elements. 
In order to verify obtained results, the synthesized dipole arrays were modeled in 
CST (a differential time-domain simulator). For the dipole array with parallel feeding, 
a relatively good agreement was achieved. For the dipole array with serial feeding, the 
wire structure was transformed to the planar one, and the array was completed by 
a balun. This redesign resulted in degrading the performance of the dipole array. In 
order to improve the performance, we optimized planar arrays by the particle swarm 
optimization implemented in CST. Then, we obtained better results compared to dipole 
arrays. 
We selected a planar array of 8 dipoles with serial feeding to be fabricated and 
measured. The dipole array was completed by a reflector with finite dimensions. The 
reflector slightly improved performance of the dipole array. 
 55
Comparison of the simulated and measured planar array showed a slight shift of 
characteristics to lower frequencies. The shift could be caused by parasitics which were 
not considered in the numerical model. Nevertheless, we achieved a good agreement 
between simulated and measured results. 
 
The research described in the thesis was limited to the synthesis of gain in the H 
plane of an array consisting of 1 × n dipoles. When extending the research to the 
synthesis of antenna arrays consisting of n × n radiating elements, the frequency 
response of gain can be synthesized both in the H plane and the E plane. 
The design and the optimization of a slot antenna array as a complementary 
structure to the dipole array can be considered as a potential extension of the described 
research. The slot antenna array might be fed by a substrate integrated waveguide (SIW) 
to suppress a parasitic radiation of the feeding network. That way, parameters of the slot 
array can be improved. The described structure can be used to verify the methodology 
of the synthesis of antenna arrays with the prescribed frequency response of gain. 
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